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Point mutations were introduced at random into cDNA corresponding to nucleotides 260–833 of the encephalomyocarditis
virus (EMCV) 5* noncoding region. This region contains the internal ribosome entry site (IRES). The mutations were identified
by sequence analysis and the effect on the activity of the IRES was determined using in vitro translation reactions in rabbit
reticulocyte lysate. Significantly defective mutants each contained multiple point mutations. These mutants were constructed
into a dicistronic mRNA expression plasmid and the activities of the mutant IRES elements were determined using the
vaccinia virus/T7 RNA polymerase transient expression system in vivo. The most severely defective of these mutants
displayed about 5% of wild-type activity. The activities, relative to wild type, of these mutant IRES elements determined
using in vitro and in vivo assays were similar. Two deletion mutants, lacking sequences from the 5* terminus to nt 411 and
484, were also constructed. Each of these deletions inactivated the IRES in vivo (to less than 1% of wild-type activity).
Coexpression within cells of the wild-type EMCV IRES, either alone or linked to another coding sequence, enhanced the
activity of each of the defective IRES elements except that deleted to nt 484. The results are consistent with a model in
which different regions of the IRES participate in a discontinuous transfer of an initiation complex to the 3* end of the IRES
element for initiation of protein synthesis to occur. q 1995 Academic Press, Inc.
INTRODUCTION within the RNA is inhibitory to the scanning process and
decreases translational efficiency (Kozak, 1989; Hershey,
The picornavirus family includes five distinct genera, 1991).
namely, the enteroviruses (e.g., poliovirus (PV)), the rhino- These characteristics argue against the applicability
viruses, the cardioviruses (e.g., encephalomyocarditis vi- of this mechanism of initiation of protein synthesis to
rus (EMCV)), the aphthoviruses (foot-and-mouth disease picornavirus RNAs. A second, cap-independent, mecha-
virus (FMDV)), and the hepatoviruses. Picornavirus RNAs nism for the initiation of protein synthesis has been de-
(about 8 kb) are positive sense and function as mRNAs. fined. For each of the picornavirus genera evidence has
They lack the cap structure (m7GpppN) found at the 5* been obtained for the presence of an element within
terminus of cellular mRNAs and contain long 5* noncod- the 5* NCR which directs internal initiation of protein
ing regions (NCRs), between 600 and 1300 nt, depending synthesis (Pelletier and Sonenberg, 1988; Jang et al.,
on the virus. These viral 5* NCRs are predicted to fold 1988; Belsham and Brangwyn, 1990; Brown et al., 1991;
into complex secondary structures and contain multiple Borman and Jackson, 1992). This type of element is gen-
AUG codons which are not recognized by the cellular erally referred to as an internal ribosome entry site
translation apparatus (see reviews by Jackson et al., (IRES). The definitive assay for IRES function has been
1990, 1994; Meerovitch and Sonenberg, 1993; Jang et al., the use of plasmids which express dicistronic mRNAs
1990). containing a region from the picornavirus 5* NCR as an
All cellular mRNAs are capped and their translation is intercistronic spacer. Efficient expression of the second
facilitated by the binding of a complex of initiation factors cistron is dependent on the presence of a functional
(including eIF-4F) at this 5* terminal cap structure. The picornavirus IRES and is independent of the expression
small ribosomal subunit is believed to associate with this of the first cistron (Jackson et al., 1990; Jang et al., 1990).
RNA/protein complex close to this site and then migrate Two classes of picornavirus IRES element have been
along to the initiation codon. Initiation of protein synthe- identified. This classification can be based both on bio-
sis usually occurs at the AUG codon nearest to the 5* logical activity and predicted RNA secondary structure.
terminus of the mRNA. Extensive secondary structure The cardio-/aphthovirus elements direct efficient transla-
tion within rabbit reticulocyte lysate, whereas the entero-/
rhinovirus elements require supplementation with cellu-1 Present address: Department of Molecular Cell Biology, Utrecht
lar factors (e.g., from HeLa cells) before efficient andUniversity, Padualaan 8, 3584 CH Utrecht, The Netherlands.
correct initiation of translation occurs in this system2 To whom correspondence and reprint requests should be ad-
dressed. Fax: (0) 1483 232448. E-mail: Graham.Belsham@BBSRC.ac.uk. (Dorner et al., 1984). Furthermore, the location of the IRES
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elements relative to the initiation codon is also distinct
for these two classes of IRES. The 3* terminus of the
IRES in enteroviruses and rhinoviruses is up to 160 bases
from the initiation codon. For full activity this element
requires an AUG codon about 20 nt downstream from its
3* terminus although this codon is not actually used for
the initiation of protein synthesis (Pilipenko et al., 1992).
The second type of IRES element, found in the cardiovir-
uses and the aphthoviruses, is located with the 3* termi-
nus adjacent to the initiation codon. It should be noted,
however, that a second initiation site on the FMDV RNA
is also used which is some 84 nt downstream, but this
site is selected following the scanning of ribsomes down-
stream from the IRES (Belsham, 1992). One common fea-
ture of these two types of element is a stretch of pyrimi-
dine residues at the 3* terminus of the IRES. Initial experi-
ments suggested this feature was essential for activity
(Kuhn et al., 1990; Nicholson et al., 1991). However, re-
FIG. 1. Representations of the plasmids used in this study. Thecent data have shown that this tract, in the cardioviruses,
dicistronic vector pGEM-CAT/LUC encodes CAT (solid rectangle) andcan be extensively modified or even totally converted to
LUC (vertically striped rectangle) under the control of a T7 promoter
purines and yet still retain efficient IRES function (Kamin- (solid circle) and has a unique BamHI site into which the wt, mutant,
ski et al., 1994; Pilipenko et al., 1994). or truncated EMCV 5* NCR (crosshatched) cDNA fragments were in-
serted. The monocistronic plasmids pSGNS/ and pEMCCAT* have theThe picornavirus IRES elements consist of about 450
EMCV IRES directing the synthesis of the influenza NS and CAT fusionbases and they are usually considered to be cis-acting.
proteins. pT7EMCRS contains the EMCV 5* NCR modified by introduc-However, recently it has been shown that the activity of
tion of a novel BamHI site, unlinked to any open reading frame, and
defective IRES elements can be efficiently enhanced by the T7 terminator sequence (open circle). Restriction sites indicated
coexpression within cells of an intact IRES element. This are the following: H, HindIII; K, KpnI; B, BamHI; A, AvrII; sites in paren-
theses were destroyed in the cloning procedures.process has been shown to occur using both the poliovi-
rus IRES (Stone et al., 1993) and the FMDV IRES (Drew
and Belsham, 1994), i.e., in representatives of the two
Mutagenesis of the EMCV IRESmajor classes of IRES element. This process is highly
sequence specific and has been interpreted as comple- Random mutations were introduced into the EMCV 5*
mentation by RNA/RNA interactions. IRES elements even NCR of plasmid pSG1 (Kaminski et al., 1994), which is
of the same class cannot cross-complement unless a linked to the poliovirus 2A reporter sequence in this vec-
high degree of sequence identity also exists (Stone et tor, using the polymerase chain reaction (PCR). High-
al., 1993; Drew and Belsham, 1994). Each of the defective cycle PCRs were performed exactly as described by Lie-
elements previously complemented had a major deletion big et al. (1991) except that each reaction also contained
within the IRES. In this study, random point mutations dimethyl sulfoxide (6%). The primers used were the T7
have been introduced into the EMCV IRES. A collection primer (TAATACGACTCACTATAGGGAGA) and CCA-
of mutant IRES elements containing such mutations has GCAGTGTACACAGC, which anneals between nt 40 and
been produced which are severely defective when as- 57 downstream of the initiation codon (AUG-11) being
sayed using either in vitro translation or in vivo expres- complementary to a region of the poliovirus 2A sequence.
sion assays. We demonstrate that these mutant ele- The PCR product (662 bp) was digested with EcoRI and
ments, which retain all the structural motifs of the IRES, MscI, gel purified, and ligated into similarly digested
can also be complemented in trans by wt EMCV ele- pSG1. Following transformation of Escherichia coli, DNA
ments in vivo. The implications for the mechanism of was isolated from individual clones and sequenced on
IRES directed initiation of protein synthesis are consid- both strands using the same two primers and T7 DNA
ered. polymerase. In some instances, the mutant 5* NCRs were
transferred using EcoRI (blunt ended) and KpnI sites into
an alternative plasmid, pSGNS/, which encodes a fusionMATERIALS AND METHODS
protein between poliovirus 2A and the influenza NS gene
Plasmid constructions (Dasso and Jackson, 1989).
Most DNA manipulations were performed using stan- In vitro transcription and translation reactions
dard methods (Sambrook et al., 1989); other manipula-
tions are indicated below. Important features of the plas- Plasmids based on the pSG1 structure were linearized
with BamHI, while plasmids based on pSGNS/ were lin-mids used in these studies are indicated in Fig. 1.
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TABLE 1earized with EcoRI. In each case RNA transcripts were
prepared using T7 RNA polymerase and translated at In Vitro Translation Activity of EMCV IRES Mutants
four different RNA concentrations in rabbit reticulocyte
IVTalysate exactly as described by Kaminski et al. (1990).
Mutations Location activity NameSamples were analyzed on SDS–polyacrylamide gels
and the expression of the reporter gene was quantitated
U334C E ///
relative to that observed from the wild-type plasmid by 375DG, U410A G, G / A1
measuring [35S]methionine incorporation into trichloro- A382G G ///
A414U, A792G H, K ///acetic acid-precipitable protein.
G417U H // A4
G432A H ///In vivo expression plasmids
A469U I ///
A469G I ///The plasmid pGEM-CAT/LUC (Fig. 1) expresses a dic-
U507A, C544A I, I / A2istronic mRNA encoding both chloramphenicol acetyl
U509C, C650U I, I ///
transferase (CAT) and luciferase (LUC) (from pGEM-luc, A529G I ///
Promega). This plasmid has a unique BamHI site be- G565U, U713A I, J ///
tween the two coding sequences and the EMCV IRES C566U, A619G, C595A, A643C I, I, I, I / A3
A571U, A645G I, I ///was inserted into this site as a blunt-ended EcoRI–
A575G I ///BamHI fragment from pSKEMCRB (Drew and Belsham,
U582C, U727C I, I ///
1994). The BamHI site at the 3* terminus of the EMCV A608G I ///
IRES was introduced by mutagenesis just on the 5* side A613C I ///
of AUG-11 such that the ATG corresponding to AUG-10 A633G I ///
A652G, G682U I, J // A5was changed into the ATC of the BamHI site. The mutant
U660C I ///EMCV sequences were transferred into this vector using
C674U I ///
the EcoRI and KpnI sites via an intermediate (containing
a convenient EcoRI– KpnI stuffer fragment of a distinct Note. Mutations were identified by sequence analysis and assayed,
size from the EMCV element). as described under Materials and Methods, for their activity in an in
vitro translation reaction in rabbit reticulocyte lysate. The activity wasThe EMCV IRES, containing the AUG-10 modification
determined from acid precipitable [35S]methionine incorporation andto the BamHI site, was obtained using the PCR as de-
expressed as a proportion of that obtained with the wt EMCV IRES
scribed elsewhere (Drew and Belsham, 1994) and in- (set at 100%). The locations are indicated by the individual stem–loop
serted into EcoRI– SmaI-digested pSK/, following EcoRI structures shown in Fig. 2. Selected, defective mutants were renamed
digestion of the PCR fragment to produce plasmid as indicated.
a IVT, in vitro translation; ///, 80–100% of wt activity; //, 30–79%pSKEMCRS. The plasmid pSKEMCRS was digested with
of wt activity; /, 30% of wt activity.EcoRV and MscI and the EMCV IRES fragment released
was introduced into the filled-in BamHI site of the tran-
scription vector pAR2529 (also known as pET3; Rosen- cipitation reactions were performed using anti-CAT
berg et al., 1987) to produce pT7EMCRS. This plasmid (5prime–3prime Inc.), anti-NS (a gift from J. McCauley), or
contains the T7 promoter and terminator sequences con- anti-LUC (a gift from O. Donze) antibodies and Pansorbin
trolling the transcription of the EMCV IRES. The plasmids (Calbiochem). Samples were analyzed by SDS–PAGE
suffixed EMCRS encode AUG-11, whereas the EMCRB and autoradiography.
plasmids lack this codon.
RESULTS
Transient expression assays
Mutagenesis of the EMCV IRES
Plasmids (5 mg) were assayed by transfection, using
lipofectin (10 mg) (Life Technologies), into human TK0 Random mutations were introduced into the EMCV 5*
NCR using a high-cycle PCR. The amplified fragments143B cells (35-mm dishes), infected with the recombinant
vaccinia virus vTF7-3 (Fuerst et al., 1986) which ex- were reconstructed into transcription vectors containing
either the influenza virus NS or the PV 2A reporter se-presses the T7 RNA polymerase, essentially as de-
scribed by Belsham and Brangwyn (1990). After 20 hr quence as used previously (Dasso and Jackson, 1989;
Kaminski et al., 1990, 1994). Mutations were identified atcell extracts were prepared and assayed for CAT protein
using the quantitative CAT ELISA kit (Boehringer) and various locations throughout the IRES (see Fig. 2, Table
1) by sequencing both strands of the plasmids obtained.LUC activity using a luciferase assay kit (Promega). Cell
extracts were diluted appropriately to obtain values Of the clones screened, about one in three contained a
mutation and about one-third of the mutants containedwithin the linear range of the assays.
In some assays cells were incubated in methionine- multiple mutations. Some 22 different mutants have been
identified. Monocistronic RNA transcripts were preparedfree medium supplemented with [35S]EXPRESS (NEN) for
2 hr prior to the preparation of cell extracts. Immunopre- from each construct using T7 RNA polymerase and trans-
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FIG. 2. Secondary structure prediction of EMCV IRES. The structure is adapted from Pilipenko et al. (1989). The locations of mutations are marked
A1, 375DG, U410A; A2, U507A, C544A; A3, C566U, C595A, A619G, A643C; A4, G417U; A5, A652G, G682U; and the positions corresponding to the
AvrII and HindIII restriction sites are also indicated. The individual stem–loops named C-K are as defined by Duke et al. (1992).
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FIG. 3. Determination of in vitro translation activity of wt and mutant EMCV IRES elements. (a) Monocistronic RNA transcripts were made from
the plasmids including the wt or mutant (A1 and A4) EMCV IRES directing the synthesis of poliovirus 2A protein or wt and mutant (A2, A3, and A5)
EMCV IRES directing the synthesis of the influenza NS protein. The RNAs were translated at four different RNA concentrations: (a) 50 mg/ml, (b)
25 mg/ml, (c) 12.5 mg/ml, and (d) 6.25 mg/ml in rabbit reticulocyte lysate with [35S]methionine as described by Kaminski et al. (1990). Samples were
analyzed on a 20% SDS–gel; an autoradiograph of the dried gel is shown. (b) The relative in vitro translation efficiencies of the mutant EMCV IRES
elements were determined by analysis of [35S]incorporation into acid-precipitable protein in samples analyzed in Fig. 3a. The comparison was
performed at each RNA concentration and was similar in each case; mean values expressed relative to the wt IRES (100%) are shown. The
translation efficiencies of the 5* terminus deletion mutants (DAvr and DHind) within a monocistronic mRNA in this assay are also shown.
lated within rabbit reticulocyte lysate. The relative effi- duced into cells infected with the recombinant vaccinia
ciency of each of the mutants relative to the wt EMCV virus vTF7-3 which expresses the T7 RNA polymerase
IRES was determined (see Table 1, Figs. 3a and 3b). The (Fuerst et al., 1986). Efficient expression of both CAT and
majority of single mutations failed to produce a pheno- LUC was observed. The expression of LUC indicates the
type in this assay. The most defective of the single point efficiency of the IRES element, while CAT expression
mutants (G417U, incorporated into the construct desig- monitors transfection efficiency and cap-dependent
nated A4) was about 66% as efficient as the wt IRES. translation. The vector pGEM-CAT/LUC, when assayed
However, some multiple-site mutants were severely de- similarly, also efficiently expressed CAT but only low-
fective (see Figs. 3a and 3b, Table 1) and were selected level LUC activity (0.5% of that observed with the wt
for further study. The mutants 375DG/U410A (designated EMCV IRES) was detected (Fig. 4). The selected mutant
A1), U507A/C544A (A2), and C566U/C595A/A619G/ EMCV sequences were reconstructed into the pGEM-
A643C (A3) were only about 5–25% as active as the wt CAT/LUC vector to produce the collection of closely re-
IRES, and mutant A652G/G682U (A5) was intermediate lated dicistronic vectors termed pGEM-CAT/A1-5/LUC.
in activity (over 50% of wt activity). It should be noted that These plasmids were also assayed within the vac-
the basal level of expression of the reporter gene (with cinia/T7 transient expression system. Similar levels of
a nonfunctional IRES, e.g., deleted from the 5* end to nt CAT expression (from the first cistron) were observed in
484 (HindIII site)) in this assay system is about 5% of each case and these values were used to correct for
that directed by the wild-type EMCV IRES (Kaminski et differences in transfection efficiency. Widely differing lev-
al., 1990). Deletion from the 5* terminus to nt 411 (AvrII els of IRES directed LUC expression were detected (Fig.
site) produces a transcript with about 40% of wt activity 4). The relative efficiencies of the IRES elements in vivo
in vitro (Fig. 3b). showed a similar trend to the pattern observed in vitro.
Mutants A1, A2, and A3 displayed about 5–7% of wt
In vivo activity of mutant EMCV IRES elements EMCV IRES activity which is similar to the in vitro transla-
tion data. Mutants A4 and A5 were much more activeThese defective mutants were also constructed into a
(about 60–70% of wt EMCV IRES activity).vector designed for in vivo analysis of IRES activity. The
The in vivo assay system using dicistronic mRNAsplasmid pGEM-CAT/LUC contains the coding sequences
has a much lower background than the in vitro assay.for the two reporter genes CAT and LUC which are con-
Even the most defective of these point mutants ex-veniently assayed and quantitated. The insertion be-
pressed significantly more LUC activity than that de-tween these genes of a 550-nt fragment containing the
tected from the pGEM-CAT/LUC which lacks any IRESEMCV 5* NCR from the poly(C)tract to a BamHI site intro-
sequence.duced at the position of AUG-10 (Drew and Belsham,
The EcoRI – BamHI fragment of EMCV cDNA corre-1994) produced pGEM-CAT/EMC/LUC (Fig. 1) (as used
previously, Pause et al., 1994). This plasmid was intro- sponding to the IRES was truncated from the EcoRI site
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T7 terminator sequence at the 3* end, under the control
of the T7 promoter). Coexpression of wt EMCV IRES very
efficiently enhanced the LUC expression from the pGEM-
CAT/DAvr/LUC deletion mutant and from the point mu-
tants A1, A2, and A3 (Fig. 4). However, there was little
difference in LUC activity expressed from the wt, A4, and
A5 vectors presumably since these elements function
efficiently alone. Also, there was no enhancement of the
very low LUC expression from pGEM-CAT/DHind/LUC or
from the pGEM-CAT/LUC vector under these conditions.
Similar results were obtained when the closely related
plasmid pT7EMCRB (which contains the EMCV IRES but
terminates at nt 827 compared with nt 842 in pT7EMCRS)
was cotransfected with each of the mutant plasmids
(data not shown).
FIG. 4. Determination of IRES activity in vivo. Indicated dicistronic In the experiments described above the complemen-
plasmids were transfected alone (solid bars) or with pT7EMCRS (con-
tation of the defective IRES elements is achieved by antaining the wt EMCV IRES) (open bars) into HTK0143 cells infected
IRES element unlinked to any coding sequence. Wewith the recombinant vaccinia virus vTF7-3 expressing the T7 RNA
polymerase. After 20 hr cell extracts were prepared and the expression have also tested whether an IRES linked to an open
of CAT and LUC was determined. IRES directed LUC expression has reading frame is also able to complement in trans. The
been standardized on the basis of differences in CAT expression re- deletion mutants and the A1, A2, and A3 constructs
flecting differences in transfection efficiency. Results are means of
were cotransfected with plasmids pEMCCAT*, pSGNS/values obtained in three to seven independent experiments.
(see Fig. 1), or pD11//11/fs (Kaminski et al., 1994).
These plasmids contain the EMCV IRES through to
to the AvrII site (position 411, within stem – loop H) and AUG-12 and then the CAT coding sequence (a CAT fu-
to the HindIII site (position 484, within stem – loop I) (see sion protein is expressed), the influenza NS sequence,
Figs. 1 and 2). These fragments were also introduced and a PV 2A fusion protein (which is defective in inhib-
into the vector pGEM-CAT/LUC to produce pGEM-CAT/ iting cap-dependent protein synthesis), respectively.
DAvr/LUC and pGEM-CAT/DHind/LUC, respectively The presence of each of these plasmids efficiently en-
(Fig. 1). Both of these deletions totally inhibited the activ- hanced the expression of LUC from the defective IRES
ity of the IRES in vivo (Fig. 4). The level of LUC activity elements as judged by enhanced LUC activity (data not
expressed from pGEM-CAT/DAvr/LUC and pGEM-CAT/ shown). Hence, the complementation can be achieved
DHind/LUC was similar to that detected from the by an IRES element which is also capable of acting in
pGEM-CAT/LUC vector which contains no IRES se- cis. To confirm these results an alternative assay was
quences. This activity is significantly lower than that used in which the synthesis of the CAT, LUC, and NS
detected from any of the point mutants. This compares could be assayed simultaneously. Cells were
with a value of about 40% of wt activity for the monocis- transfected with the dicistronic vectors alone or with
tronicDAvr construct in vitro and the previous estimates pSGNS/ and after 20 hr were labeled with [35S]-
of minimal activity (around 5% of wt) (Kaminski et al., methionine. Cell extracts were prepared and immuno-
1990) for the deletion to the HindIII site. The disparity precipitations were performed using antisera specific
between different deletion analyses of the 5* terminus for each of these three proteins. Samples were analyzed
of the IRES within stem – loop H has been observed by SDS – PAGE (Fig. 5). Similar levels of CAT protein
previously (see below). were synthesized from each vector in the presence or
absence of pSGNS/ (Fig. 5a). NS protein was efficiently
Complementation of defective IRES elements in vivo
expressed in cells transfected with pSGNS/ (Fig. 5b).
LUC was efficiently expressed from the wt EMCV IRESIt has been shown previously that the activity of defec-
tive IRES elements within dicistronic mRNAs can be en- in the presence or absence of pSGNS/ (Fig. 5c). In
contrast, no LUC expression was detected from pGEM-hanced by the coexpression of an intact IRES element
(Stone et al., 1993; Drew and Belsham, 1994). These pre- CAT/LUC or pGEM-CAT/DHind/LUC plasmids in the
presence or absence of pSGNS/. Strikingly, cotransfec-vious studies have used deletion mutants of the IRES in
these analyses. We wished to determine whether it was tion of pSGNS/ significantly enhanced the expression
of LUC from pGEM-CAT/DAvr/LUC and from the A1, A2,possible to complement defective mutants which merely
had point mutations and retained all the structural ele- and A3 constructs (Fig. 5c). The enhanced synthesis of
LUC in the presence of pSGNS/ is fully consistent withments of the IRES. Hence the dicistronic vectors con-
taining the deletion mutants and the point mutants within the activity assays. Low-level expression of LUC was
detected from the A1, A2, and A3 constructs in the ab-the EMCV IRES were cotransfected into cells with plas-
mid pT7EMCRS (which contains the EMCV IRES with the sence of this second plasmid, consistent with the low,
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of the single point mutations produced a large effect on
the activity of the IRES in vitro. This suggests that overall
its activity is quite resistant to change. Hence many muta-
tions which may occur during virus replication would be
expected to have little effect on translational efficiency.
However, it is of interest that the mutations which confer
an attenuated phenotype on poliovirus (and inhibit in vitro
translation activity of the vRNA, Svitkin et al., 1985) map,
in all three serotypes, to a specific region (nt 472–481)
of the poliovirus 5* noncoding region (Westrop et al.,
1987; Nomoto et al., 1987; Ren et al., 1991), consistent
with the idea that there may be only a few critical regions
which are capable of conferring significant change in
activity without proving lethal to the virus.
The greatest disparity in the data between the in vitro
and in vivo assays was that obtained for the effect of
deleting from the 5* end of the EMCV sequences to the
AvrII site. When the residual element (nt 411–827) was
assayed in the dicistronic vector no detectable internal
initiation was observed, whereas the monocistronic con-
struct was about 40% as active as the wt element in
vitro. This is analagous to the discrepancies reported
previously. Duke et al. (1992) reported that deletion fromFIG. 5. Complementation of defective IRES activity by coexpression
the 5* terminus to nt 406 had only a modest effect on theof the EMCV IRES directing NS translation. HTK01143 cells, infected
with vTF7-3, were transfected using lipofectin with the indicated dicis- translational activity of a monocistronic mRNA transcript
tronic reporter plasmids alone or with pSGNS/ (containing the wt EMCV assayed in vitro. Further deletions within the region of nt
IRES linked to the influenza NS coding sequence) as shown. After 416–485 produced transcripts with intermediate levels
incubation with [35S]EXPRESS for 2 hr, cell extracts were prepared and
of activity and only when the deletion extended to nt 505immunoprecipitations performed using anti-CAT (a), anti-NS (b), and
was a minimal level of activity (5% of wt) observed. Inanti-LUC (c). Samples were analyzed by SDS–PAGE and autoradiogra-
phy. contrast, Jang and Wimmer (1990) observed a drastic
loss in activity (to less than 1% of wt) within a dicistronic
mRNA when the sequences downstream of nt 403 were
but significant, level of LUC activity detected above
deleted. This is of importance since the region between
(Fig. 4).
nt 400 and 450 is a major binding site for the polypyrimi-
dine tract binding protein (PTB). Depletion of PTB from
DISCUSSION
rabbit reticulocyte lysate abolishes the activity of the
EMCV IRES in this system, an effect reversible by theThe picornavirus IRES element is a complex structure
and there are few clues as to which features are critical addition of recombinant PTB (A. Kaminski, S. L. Hunt,
J. G. Patton, and R. J. Jackson, submitted for publication).for its function. Even certain highly conserved features,
e.g., the polypyrimidine tract of EMCV, can be extensively We do not know the reason for the different results in
these assays. It may be that when the 5* end of the IRESmodified with little apparent effect on translational effi-
ciency both in vitro and in vivo (Kaminski et al., 1994). To is preceded by extensive RNA sequence (as in dicistronic
mRNA and the virus RNA), there is a strong requirementdate, most mutations introduced into the IRES have been
major deletions or linker insertions. The strategy em- for PTB, but when the 5* end of the IRES is at the 5*
terminus of the RNA, the requirement for PTB is dimin-ployed in this study aimed at achieving essentially ran-
dom point mutagenesis of this element. Some 22 inde- ished.
pendent mutants have been produced and analyzed.
Most of the mutants functioned in directing translation Complementation of defective IRES elements
with approximately wt efficiency.
However, five mutant IRES elements were significantly Previous studies have shown that defective picornavi-
rus IRES elements generated by the deletion of parts ofdefective in directing the initiation of protein synthesis
when assayed using an in vitro translation system. These the structure can be complemented by coexpression of
the wt element as a separate molecule (Stone et al.,were constructed into a vector designed for the analysis
of IRES function in vivo. Overall, a good correlation was 1993; Drew and Belsham, 1994). One exception was the
observation that deletion of the largest predicted motifobserved between the activities detected with the two
assays. It is, however, apparent that a lower background (corresponding to stem–loop I in EMCV) within the FMDV
IRES, termed domain 2, was noncomplementable (Drewlevel of internal initiation exists in the in vivo assay. None
/ m4484$7572 11-09-95 18:50:30 viral AP-Virology
89COMPLEMENTATION OF ECMV IRES POINT MUTANTS
and Belsham, 1994). Analagous results were obtained in first involves a direct RNA/RNA interaction between the
defective IRES element and the wt molecule so that thethis study on the EMCV IRES. Deletion from the 5* termi-
nus to the AvrII site, within stem–loop H, severely inhib- defective region is essentially replaced. The second
model suggests the formation of a functional initiationited the activity of the IRES when assayed alone, but this
defect was very efficiently complemented by the coex- complex on the wt IRES and the transfer of this complex
onto the defective IRES element. The experiments de-pression of the wt EMCV IRES. However, deletion to the
HindIII site, which removes some 34 nt of stem–loop I, scribed in this study appear to lend greater support to
the second model since it seems less likely that thealso completely inactivated the IRES, but this defect
could not be complemented. It is assumed that loss of presence of only point mutations would permit the intro-
duction of a domain from a second IRES into the defectivesequences from stem–loop I (domain 2) severely per-
turbs the structure of the IRES or may indicate loss of structure although this cannot be totally excluded.
Futterer et al. (1993) have recently described a formsequences required for the complementation process.
It was of interest to determine whether the defective of discontinuous translation initiation by the capped 5*
NCR of the 35S cauliflower mosaic virus (CaMV) RNA.point mutants could also be complemented. It was
shown (Fig. 4) that the three most severely defective Evidence was presented for this process being depen-
dent on the presence of two distinct regions within thepoint mutants were all efficiently complemented by the
coexpression of the EMCV IRES unlinked to any other 5* NCR. One of these regions was believed to form a
complex which was donated to an acceptor site. Futterercoding sequence. Furthermore, the wt IRES linked to a
functional open reading frame was also able to efficiently et al. (1993) were unable to demonstrate this property
with the individual regions of the 5* NCR unless theycomplement the defective elements (Fig. 5).
This is consistent with previous observations for com- were bound together by the presence of additional com-
plementary sequences. The complementation activity weplementation of defective PV IRES elements (of very dif-
ferent structure) since this was achieved using full-length observe does not suffer from this limitation, although this
may be a consequence of the high level of RNA producedPV cDNA or the PV IRES linked to the PV 2A (Stone et
al., 1993). These results indicate that an IRES which is in the system.
The second model for complementation describedcapable of acting in cis to direct initiation of the open
reading frame to which it is attached is also able to above is quite similar to that proposed for the CaMV
system. It may be that some form of discontinuous trans-function in trans. This may suggest that a step subse-
quent to the activity of the IRES is rate limiting for transla- fer of an initiation complex is performed between differ-
ent parts of the IRES and there may be few constraints,tion under these assay conditions.
Each of the studies demonstrating complementation other than availability, on whether the transfer occurs in
cis or in trans. This transfer could occur to the regionof defective IRES elements has employed the vaccinia/
T7 RNA polymerase expression system. The great advan- defined as the ‘‘starting window’’ by Pilipenko et al. (1994).
This may correspond to the region in EMCV around thetage of this system for the study of picornavirus IRES
elements is that high-level production of the RNA tran- initiation codon (AUG-11) which excludes the possibility
of initiation at AUG-10 just 8 bases upstream (Kaminskiscripts occurs within the cytoplasm of the cell, analagous
to the situation which occurs within a picornavirus-in- et al., 1990). A consequence of this model is that different
elements of the IRES (e.g., the donor and acceptor re-fected cell. Clearly, however, the vaccinia virus infection
modifies the intracellular environment differently from a gions) may each be complementable but by different re-
gions of the IRES, while other regions, especially aroundpicornavirus infection. Previous data have shown that co-
infection of cells with EMCV and vaccinia virus can occur the initiation codon, may be expected to act only in cis.
Analysis of the sequence requirements for IRES comple-with little effect on the production of EMCV (Whitaker-
Dowling and Youngner, 1986). Furthermore, there is a mentation is in progress.
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